Abstract-Terahertz digital off-axis holography (THzDH) has been demonstrated as a non-destructive tool for imaging voids within visually opaque dielectrics. Using a raster scanning heterodyne detector, the imager captures lensless transmission holograms formed by the interaction of a highly coherent, monochromatic beam with 3-D printed structures. Digital hologram reconstructions from two structures were used to measure the imager's modulation transfer function and to show that terahertz digital holography can provide sub-millimeter resolution images of voids within visually opaque printed structures. As a demonstration we imaged embedded air-and lossy dielectric filled-voids whose refractive indices differ from the host material.
I. INTRODUCTION
T ERAHERTZ digital holography (THzDH), analogous to its visible wavelength counterpart, combines phase-sensitive optical interferometric imaging methods with computational holographic reconstruction and processing algorithms. By applying lensless digital holography at THz frequencies, the three dimensional interior of visibly opaque dielectrics may be imaged with sub-millimeter transverse and axial resolution and without the need of physically defining a focal plane inside the object [1] - [6] . The digitally recorded hologram can be reconstructed, quantitatively analyzed, and enhanced using computational techniques, such as digital filtering, digital field propagation, and multi-wavelength hologram overlays to extend the phase unambiguous range [3] , [7] , [8] .
Although THz imaging based on spatially and temporally scanned pulsed laser techniques is quite mature, the time required to record an image can vary from minutes to days depending on the application and desired resolution. The lateral resolution of such systems is limited by the size of the focused spot, while the axial resolution is determined by the bandwidth of the pulse and the temporal scanning fidelity. By contrast, holographic imaging can produce high quality, high resolution images quickly using detector arrays without forming a focal spot that must be scanned across the object. Instead, lateral resolution is determined interferometrically by the spatial fringes, detector aperture, and beam splitter angle, while the axial resolution is determined by fringe visibility and detector dynamic range [1] - [7] . Although arrays of sensitive THz detectors are not yet available, it is not too soon to explore the foundational tenets of THzDH using scanned, single pixel detectors.
For these reasons, THzDH is emerging as a promising technique for applications including security screening and non-destructive test and evaluation (NDT&E) [9] - [12] . Of particular interest for NDT&E is the detection and spatial mapping of inclusions embedded within visually opaque hosts. Here we report the application of THzDH using a single, raster-scanned detector to acquire a digital hologram and reconstruction algorithms to detect and map the transverse locations of polymer structures and air voids in visually opaque dielectric samples. 3D printing technology-which has already been used to fabricate intricate dielectric THz lenses, waveguides, and spatial light modulators [9] , [13] - [16] -was used to fabricate two voidcontaining samples. The first (sample A) was used to illustrate the capabilities of the holographic imager by measuring its modulation transfer function and showing how well the technique can differentiate between printed materials with slightly different complex refractive indices. The imager's ability to locate 400 air voids within an object is illustrated with sample B, in which the strength of the associated Fabry-Pérot resonances varies with void thickness (from 15 to 6000 m) and frequency. Generalization of these findings to new forms of NDT&E is explored.
II. EXPERIMENT
A Stratasys Eden 350 3D printer fabricated the visually opaque samples containing various types of voids (Fig. 1) . The samples were made from Objet VeroBlackPlus RGD875 [black areas in Fig. 1(a), (b) ], while the void regions (white areas) were either empty or contained the support material Objet Support SUP705. Table I summarizes the optical properties of these two dielectrics, measured at 0.495 and 0.710 THz with a THz time-domain spectroscopy system. The real refractive indices differ slightly, while the absorption coefficient of the SU705 support material is more than three times higher than that of the RGD875 model material.
Sample A [ Fig. 1(a) ] included nine 1-mm-thick SUP705-filled void structures, capped above and below by 1 mm of RGD875 for a total object thickness of 3 mm. Similar to a 2156-342X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1(b) ] contained 400 3 mm 3 mm air-filled square voids that were sequentially varied in depth from 15 m to 6000 m in 15 m steps to induce Fabry-Pérot cavity effects. The sample's top and bottom caps were 2 mm thick, the wall thickness between voids was 1 mm wide, and the frame was 2 mm wide. Sample B allows us to investigate the imager's ability to locate air voids of different thicknesses at the two frequencies of 0.495 and 0.710 THz.
To improve amplitude and phase resolution, the digital off-axis THz holographic imager [ Fig. 2(a) ] has been modified extensively over a version described previously in [4] . The THz source uses a Virginia Diodes, Inc. (VDI), Charlottesville, VA, USA, multiplier chain driven by a 10-20 GHz microwave synthesizer which has the necessary amplitude and phase stability required to acquire a hologram using a raster scanned single detector. For improved dynamic range, the hologram was recorded with a heterodyne receiver instead of a Schottky diode square law detector. The receiver uses a similar VDI multiplier chain in the local oscillator to down-convert the THz signal in a mixer to a 1.35 GHz intermediate frequency signal that was pre-amplified and recorded with National Instruments PXI data acquisition instrumentation. While the Schottky diode detector used in [4] routinely achieves a noise equivalent power 82 dBm Hz , the heterodyne receiver achieves a 164 dBm Hz . For the experiment, the receiver's noise floor was 120 dBm at a video bandwidth of 20 kHz, which was sufficient for an experiment representative signal power of 80 dBm at the receiver, producing a dynamic range of 40 dB. The effective time constant for each pixel is 30 ms.
THz transmission digital holograms, at 0.495 and 0.710 THz, were recorded by 2-D raster scans of the receiver across the image plane. The optical train between the source and receiver includes a 90 off-axis parabolic mirror, to collimate the diverging source beam to a diameter of approximately 20 cm, and a 0.038-mm-thick Mylar beam splitter coated with a thin layer of metallic spray paint that equally divides the source beam into object and reference beams. In transmission holography, the object beam is modulated by the sample and interferes with the reference beam at the image plane where the hologram is recorded. The samples were mounted on a standard lens post and placed in the center of the object beam. Holograms were recorded by raster scanning the receiver at a distance of 163 mm from the sample to minimize the sample-to-detector distance, thereby maximizing image resolution without clipping the reference beam. The modulated object beam is related to the sample transfer function by scalar diffraction theory, so the holograms can be reconstructed and analyzed using the angular spectrum method (ASM) [3] , [17] . Two Fourier transforms are required for the ASM, so it is more computationally intensive than the widely used Fresnel transform method, but it has several advantages including frequency spectrum filtering without constraints on the axial location of the hologram and object planes [3] . Because the reconstruction algorithm assumes that planar wavefronts illuminate the sample, baseline holograms were recorded without a sample in the object beam so that the spatial variations of amplitude and phase in the imperfect illuminating beams could be measured and corrected in a manner analogous to astronomical flat-field correction. Details of this methodology are provided in [4] .
In order to achieve the smallest possible pixel size and highest spatial resolution, the receiver input was simply the open ended rectangular waveguide of the mixer with dimensions 300 m 600 m. One hologram image is composed of 1000 1000 pixels with a 0.2-mm step size for a total hologram dimension of 20 20 cm that required 24 hours to acquire. Adding the usual horn antenna would have increased the dynamic range of the imager and shortened the imaging time; however, the increased pixel size and reduced maximum measurable spatial interference frequency between the reference and object beams would have made it more difficult to separate the real and virtual images from the autocorrelation term during hologram reconstruction.
To increase this separation further, a non-planar interferometer was constructed with azimuth and elevation angles between the object and reference beams of and , respectively. Although this experimental arrangement is more complicated than a planar configuration , the nonplanar geometry significantly improves our ability to filter the hologram in the spatial frequency domain . The spatial frequency shift has both vertical and horizontal components, thereby moving the real and virtual images away from the and axes where the saturating autocorrelation content is located. Fig. 2(b) compares the Fourier spectra of simulated azimuth-only and azimuth-elevation holograms, illustrating the improved separation of the real image, the virtual image, and the autocorrelation terms in the spatial frequency domain for the latter. Lastly, the receiver boresight orientation was set at to avoid standing wave reflections and to ensure that the receiver gain was approximately the same (within 1 dB) for radiation incident from the object and reference beams. A standard 20 dB gain horn would have rejected these signals since they arrive more than 10 degrees from boresight.
III. HOLOGRAM SIMULATIONS AND MEASUREMENTS
The hologram acquisition and reconstruction processes for both samples were simulated to provide intuition and guide interpretation of the measurements. The simulation included all physical dimensions and refractive indices of the samples, the propagation of the object and reference beams, and the estimated image resolution of the holographic imager (which affects the space bandwidth product of the image).
The simulated image resolution was approximated with the Rayleigh criterion (1) where is the wavelength, and is the numerical aperture defined by image aperture and the sample-to-image plane distance . For mm and a 20 20 cm image, mm and 0.493 mm at 0.495 THz and 0.710 THz, respectively. Accordingly, the imager's simulated pixel size was set to 0.707 and 0.493 mm for 0.495 and 0.710 THz, respectively.
A. Sample A
The sample A transfer function may be formulated as where mm and mm are the thicknesses of the entire sample and embedded support material structures, respectively, and and n are given in Table I . The choice of depends on whether the z-dimension of included support material or was only made of model material . Sample A was simulated as a dielectric tranmissive and absorptive resolution chart. Reflection at each model/support material interface was omitted in this approximation for two reasons: the tiny difference in the real refractive indices of the model and support material (10 , producing a void finesse 10 ) and the strong absorption by the support material. Fig. 3 shows the simulated holograms with the amplitude and phase reconstructions.
As expected, the reconstructed images at 0.710 THz are better resolved than those at 0.495 THz. A quantitative representation of the lateral image resolution is the modulation transfer function (MTF). The MTF of an optical system is analogous to a spatial frequency filter and was computed as the ratio of the spatial frequency content of the recorded image to that of a perfect imager. The spatial frequency map of a perfect imager is equivalent to the frequency content of the sample mask that was used to fabricate the sample. Matlab's two dimensional discrete Fourier transform algorithm fft2(x,y) was used to calculate all spatial frequency maps. Plots of the simulated and measured MTF of column 1, row 2 of the embedded structure are shown in Fig. 4 
B. Sample B
Sample B included air voids to maximize the index mismatch at the void interfaces, producing a void Finesse of 0.93. The transmittance through sample B was simulated using the matrix theory of multilayer optics by sectioning the sample into four dielectric boundary matrices and three prop- agation matrices [18] . The boundary and propagation matrices have the general form
where , is the refractive index from Table I , is the free space wavelength, and is the propagation distance. The total wave transfer matrix (4) was converted to the scattering matrix (5) where the recorded transmittance through the entire structure is equivalent to or . Hence analogous to (2) for sample A, was used as the transfer function for sample B. achieved with state-of-the-art time domain techniques-may ultimately be improved to the level typically observed of optical interferometry [16] , [19] . The lateral resolution, which was sufficient to render easily recognizable images, was limited by the numerical aperture of the imager and was quantatively described by the MTF calculation for sample A.
In the measured amplitude images, the voids appear to become physically smaller towards the bottom of the sample where the deepest voids are located. This is due to the constraints imposed when amplitude images of very high dynamic range are plotted on a linear scale. Note that the phase images better capture the cavity dimensions because their constrained dynamic range repeats every radians. We hypothesize that the deeper voids act as lossy waveguides in which radiation near the sidewalls undergoes a combination of absorption, diffraction, and scattering, all of which decrease the transmittance. This effect is not visible in the simulation primarily because of two approximations. Firstly, the incident object beam was assumed to be planar traveling in the z-direction, but the sample was not aligned perfectly normal to the beam. Secondly, the diffraction pattern resulting from the interactions between the incident beam and object was assumed to originate from single beam-object interactions. Therefore secondary interactions, such as lateral cell wall reflections which significantly reduce the transmitted signal through the deep voids, are not included. The measurements show that only the fraction of radiation normally incident on the central area of each void propagates through the deeper voids.
Nevertheless, by plotting the transmission through the center of each of the 400 voids (Fig. 6) , the expected spatial variation of these resonances emerges, especially when compared to simulated plots using from the matrix theory (3-5) approach. A Fourier analysis of these 400 voids shown in the insets of Fig. 6 reveals clearly that the cyclical, void-induced transmission variations are indeed present in the measurements. These Fabry-Pérot resonances occur with a periodicity that matches the predictions of the simulated transmittance plots: 3.1 cycles/mm at 0.495 THz and 4.3 cycles/mm at 0.710 THz, where cycles/mm represents the the number of resonances that occur in these increasingly thick voids per millimeter. The Fourier components from the simulated images are stronger than from the measured images because the simulation does not account for multi-path interference using a full three-dimensional diffraction model of the sample. The measured images are degraded by noise, alignment imperfections, and fabrication inaccuracies, but the general behavior is well reproduced. Additional low frequency content in the measured data was caused by alignment errors and residual amplitude variations that could not be removed through the flat-fielding process. This analysis of the transmissivity provides information on the relative depth variation between each void. Actual depths could also have been estimated if the thickness of the dielectric boundary had not been the same for each void.
In conclusion, we have demonstrated THzDH using an offaxis configuration to improve amplitude and phase resolution in order to locate and map voids in visually opaque dielectric media. Two 3D printed dielectric samples were investigated, one containing a variety of absorbant-filled void structures of slightly different dielectric constant, the other containing arrays of empty square voids of increasing depth. We find that a simple transfer matrix model intended to guide the interpretation of the measurements captures the dominant scattering behaviors except for the deepest voids. The measured wavelength-dependent lateral resolution was consistent with the simulated MTF for the ideal target, and the axial resolution is consistent with traditional optical holographic imaging. The methodology presented here may be employed for rapid, high resolution holographic imaging when arrays of sensitive THz detectors become available.
